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Abstract
ORCA (Oscillations Research with Cosmics in the Abyss) is the low-energy
node of KM3NeT, the next generation underwater Cherenkov neutrino detector
in the Mediterranean sea. The primary goal of KM3NeT-ORCA is the determi-
nation of the neutrino mass ordering (NMO). With an energy threshold of few
GeV and an effective mass of several Mtons, KM3NeT-ORCA can also make
precision measurements of atmospheric oscillation parameters. Moreover, its
access to a wide range of energies and baselines makes it optimal to discover
exotic physics beyond the Standard Model such as Non-Standard Interactions
(NSI) of neutrinos. The sensitivity of the detector to the neutrino mass order-
ing is presented, along with its potential for determination of the atmospheric
oscillation parameters. It is observed that KM3NeT-ORCA will improve the
current upper limits on NSI parameters by an order of magnitude after three
years of data taking.
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1 Introduction
The conventional model of neutrino oscillations provides a successful interpretation
of data taken by various solar [1], atmospheric [2], accelerator [3] and reactor [4–6]
experiments. Crucial goals of future oscillation experiments can be grouped as (a)
the determination of the neutrino mass ordering and the CP-violating phase δ with
precise measurement of oscillation parameters, and (b) establishing the robustness of
the standard three-flavor oscillation hypothesis with respect to physics beyond the
Standard Model. In the present work we show the physics potential of KM3NeT-
ORCA [7] in trying to pin down these open questions.
The matter-induced modifications of neutrino oscillation probabilities is different
for neutrino and anti-neutrino channels and is a function of neutrino mass ordering. In
Fig. 1, if we consider the Peµ and Pe¯µ¯ appearance channels, one sees an enhancement in
Peµ and suppression in Pe¯µ¯ if ordering is normal (NO) while if the ordering is inverted
(IO), one gets the reverse. These ordering dependent alterations of oscillation signals
discernible at few GeV give a handle to disentangle the two mass orderings.
Figure 1: Oscillation probabilities in the νµ → νµ (top) and νe → νµ (bottom)
channel as a function of neutrino energy for a fixed value of zenith angle (θz). The
solid (dashed) curves are for NO (IO). (Anti-)Neutrinos on the (right) left. The values
of NSI parameters for which the blue curves are drawn are quoted.
In addition to the Standard Model (SM) MSW resonance, flavour changing neutral
current (NC) Non-Standard Interactions (NSI) [8,9] of neutrinos (of all flavours) with
fermions (e, u and d-quarks) present in Earth would alter the oscillation probabilities.
NSI of neutrinos in propagation can be modelled as perturbations in the standard
neutrino propagation Hamiltonian as,
H =
1
2E
U
0 0 00 ∆m221 0
0 0 ∆m231
U † + 2√2GFNf (x)
1 + ee eµ eτ∗eµ µµ µτ
∗eτ 
∗
µτ ττ
 . (1)
2
GF is the Fermi coupling constant, Nf (x) is the fermion number density along the
neutrino path, and the αβ represent the NSI coupling parameters. In this analysis,
we consider non-standard interactions between neutrinos and d-quarks present in the
Earth. The effect of the presence of non-standard interactions at one of the most
dominant channels at ORCA is shown is Fig. 1. The effect for neutrinos in the
Normal Ordering (NO) is similar to anti-neutrinos in the Inverted Ordering (IO) .
2 The KM3NeT-ORCA detector
The KM3NeT-ORCA detector [7], currently being
installed at a depth of 2450 m in the Mediterranean
Sea, is a megaton-scale water Cherenkov detector
located 40 km offshore Toulon, France. Upon com-
pletion, the detector will consist of 115 detection
units (DUs), each of which will comprise 18 spheri-
cal, 17” diameter Digital Optical Modules (DOMs)
housing 31 3” PMTs and associated electronics.
The average vertical spacing between the DOMs
is 9 m and the horizontal spacing between the DUs
is 23 m, amounting to a total instrumented volume
of ∼8 Mton. The granularity of the detector layout
makes it optimal to detect neutrinos with energies
as low as ∼3 GeV.
Figure 2: An artist’s impression of
the detector is shown.
3 Event spectra at the detector
The HKKM 2014 [10] flux tables (Gran Sasso site) are interpolated in log10(E) and
cosθz and multiplied with the detector effective mass to calculate the rate of events
for each interaction channel: νx charged current (CC), ν¯x CC (x = e, µ, τ), ν neutral
current (NC) and ν¯ NC. Depending on the Cherenkov signatures of the outgoing
lepton, two distinct event topologies are observed at the detector: track-like (left)
and shower-like events (right). While νµ CC interactions mostly account for track-
like topology, shower-like topology has events from both νe CC and NC interactions.
The statistical χ2 for each (E, θz) bin is computed from,
χ2E,θz(αβ) =
(
NmodelE,θz (αβ)−NdataE,θz (αβ = 0)
)
×
∣∣∣NmodelE,θz (αβ)−NdataE,θz (αβ = 0)∣∣∣
NdataE,θz (αβ = 0)
, (2)
where the superscript model represents the NSI case with eτ = −0.05. All other
NSI parameters are fixed at zero. Figure 4 shows the signed-χ2 maps for recon-
structed events in the track-like and shower-like event topologies for three years of
full KM3NeT-ORCA (115 DUs) runtime. 20 logarithmic bins were chosen in recon-
structed neutrino energy (E) between 3 and 100 GeV, and 20 linear bins in cosine of
the reconstructed zenith angle (θz) between −1 and 0.
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Figure 3: Two distinct event topologies at ORCA: tracks (left) and showers (right).
Oscillation parameters are adopted from NuFit 3.2 [11] with NO assumption.
Figure 4: Statistical χ2 as a function of reconstructed neutrino energy (E) and di-
rection (cosθz) for track-like (left) and shower-like (right) event topologies. NO is
assumed. The colour code indicates the excess and deficits of events from the SM
predictions. The total sensitivity quoted is the sum of the absolute value of the
statistical χ2 for each bin.
4 Systematics
The final sensitivities of the experiment to NMO (or NSI) is estimated with a log-
likelihood ratio test statistic based on the Asimov approach [12]:
χ2NMO/NSI = 2
∑
E,θz
(
N
WO/NSI
E,θz
(αβ)
(
1 +
∑
k
fkE,θzζk
)
−NRO/SME,θz (αβ = 0)
+N
RO/SM
E,θz
(αβ = 0) ln
N
RO/SM
E,θz
(αβ = 0)
N
WO/NSI
E,θz
(αβ)
(
1 +
∑
k
fkE,θzζk
))+∑
k
ζ2k . (3)
NROE,θz (N
WO
E,θz
) denotes the expected number of track / shower events in a given
[E, θz] bin for the right ordering (wrong ordering) hypothesis in the standard 3ν os-
cillation framework. In the case of NSI sensitivity estimation, NNSIE,θz (N
SM
E,θz
) is the
predicted number of events for an assumed mass ordering in presence (absence) of
NSI.
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Systematics are included in
our simulation using the “pull”
method [12, 13]. Table 1 lists
nuisance parameters and oscil-
lation parameters adopted from
NuFit 3.2 [11] and their cor-
responding Gaussian priors (if
any) over which marginalisation
has been done to minimise the
value of χ2NMO/NSI . The individ-
ual contributions from track-like
and shower-like events are added
in quadrature to compute the to-
tal significance.
Table 1: List of systematics.
parameters treatment true values prior
∆m221/10
−5eV 2 fix 7.40 -
∆m231/10
−3eV 2 fitted 2.494 free
θ12(
◦) fix 33.62 -
θ13(
◦) fitted 8.54 0.15
θ23(
◦) fitted 47.2 free
δCP (
◦) fitted 234 free
Flux norm. fitted 1 10%
NC scale fitted 1 5%
Energy slope fitted 1 3%
νµ/νe skew fitted 0 5%
ν/ν¯ skew fitted 0 3%
5 Results
5.1 Neutrino Oscillations
The Asimov NMO sensitivity [14] for three years of KM3NeT-ORCA runtime is shown
in Fig. 5 (left) for a range of possible true θ23 values . The curves are drawn for both
assumed true orderings and the most favourable and least favourable δCP values.
Figure 5: Projected sensitivity to NMO (left) for truth NO (red) and IO (blue)
assumptions. Exclusion plot in θ23 - ∆m
2
32 plane on the right .
Allowed region of atmospheric oscillation parameters by KM3NeT-ORCA [14]
after three years of running is shown in Fig. 5 (right), overlapped with current
constraints from MINOS [15], NOνA [16], Super-K [17] and IceCube-DeepCore [18].
The 90% CL contour is drawn assuming NO (fixed) and δCP = 0 (fitted).
5.2 Non-standard Interactions
The 90% C.L. contours in correlated NSI parameter spaces allowed after three years
of data taking of KM3NeT-ORCA are shown for both orderings assumptions. The
NSI parameters not appearing on the plots are fixed at zero.
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Figure 6: Allowed region in correlated NSI parameter phase spaces |eτ − ττ | (left)
and |µτ − ττ | (right) after three years of ORCA runtime. Pseudo data is generated
for (ij, kl) = (0, 0).
Figure 7: Allowed NSI parameter regions in the e − τ sector (left) for ee = 0 and
µ− τ sector (right) in the hybrid model approximation [19] are shown.
Figure 8: Sensitivity to µτ .
In Figure 7 and 8, the exclusion region assuming
NO in the hybrid model approximation (θ12, θ13,
and ∆m221 = 0) is drawn for comparison with
IceCube [20] and Super-K [19]. With three years
of run time, ORCA is expected to constrain NSI
parameters eτ , µτ and ττ by a factor of four
better than current limits.
6 Summary
In this contribution, future projections of sensitivity of KM3NeT-ORCA towards
neutrino mass ordering resolution and precise measurement of atmospheric oscilla-
tion parameters has been reported. The impact of non-standard interactions on the
event signal at KM3NeT-ORCA is probed and its discovery potential to different NSI
phase spaces has been discussed.
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